I. INTRODUCTION
Automotive safety, in terms of fatalities/injuries per kilometer driven, has been steadily improving. Despite this trend, the situation on roads is far from satisfactory. Only in USA about 5 million accidents are registered a year, which account for $200 billion in damage property, 3 million of injuries and 40 thousands of killed. The picture in Europe is similar (see, Appendix A).
In order to further reduce the number of road accidents the communication-based active safety is viewed as the next logical step towards what is called the proactive or ICT systems. They provide an extended horizon of information to warn the driver or vehicle of potentially dangerous situation much earlier.
The first communication-based safety system was the automotive radar [1] . It is still applied, mainly in form of Adaptive Cruise Control (ACC) in luxury automobiles like BMW, AUDI, HONDA and others. There are several versions of auto-radars operating in bands 24, 40, 63 and 76/7GHz. Hence, recently the integration trials has been undertaken [2] .
The common limitation of the front-end auto-radar is its high cost and short range of control, which practically does not exceed the distance to the preceding vehicle (~100m). If the inter-vehicle spacing in column (platoon) is comparable with the brake distance, the operation of this radar is correct. But, routinely, this is not the case.
Hence, the conventional auto-radar can not guarantee the safety in column drive, because the accident of one vehicle in column drive affects the other vehicles.
The more consistent approach from this point of view present the ICT-based radars (i-radars), which use wireless networks for continuous control of long columns of vehicles up to 1000m [3] , [4] , [5] . The sensor module of such network, connected to the vehicle's on-board computer, monitors the status in the vicinity of a vehicle and can, therefore, detect potentially harmful situations like an abrupt slow-down, airbag explosion or an overturn. Similar sensor modules can be attached to the immobile objects along the road and even to pedestrians.
Location of vehicles is determined by the navigation system (Galileo), which can also provide communication means for rescue action incase of heavy accident.
Several manufacturers in USA, Europe and Japan developed prototypes of complete equipment operating on the basis of moving wireless networks [3] , [6] , [7] . There are, however, no field tests, nor simulation data (except for some promotion news), which would show the impact of new technology. The present paper tries to fill this gap. We have carried out large-scale statistical simulations for different traffic scenarios and i-radar designs. The numerous results are included and discussed through this paper. A model of collisions is based on the dissertation thesis [7] and its elements are patented [8] .
The rest of the paper contains the concept and assumptions of the i-radar system (sec.2), the first-and second-order models of collisions (sec.3), discussion of obtained simulation results (sec.4), new communication technologies and algorithms (sec.5), conclusion (sec.6)
II. CONCEPT AND ASSUMPTIONS
The model of traffic applied in this paper assumes that a driver obtains in time the essential information on his predecessors at a distance up to 1000m. The subject of the special interest is an abrupt stop of the leader of column. New locations of vehicles in result of such a stop are defined by the equation At the starting point we are not strongly interested in the brake distance, but rather in the reaction time of a driver. This is because the proposed i-radar system practically cancels the reaction time. This way the new deployment of the column after an abrupt stop of the leader can be treated as an exact copy of its previous deployment except for the brake distance
Incase of identical vehicles there is no space for collisions, because each vehicle is advanced for the same brake distance, Fig.1a . If, however, no i-radar is used, the equation (1) goes in force and the new deployment depends on the reaction time and speed of each vehicle. Hence, for different vehicles, different reaction times and different inter-vehicle spacing, many collisions may occur, particularly at the end of column, Fig.1b .
The quantitative explanation of the collision mechanism is illustrated in Fig.2 . Here, three identical vehicles drive with speed of 30m/s, at inter-spacing 30m and reaction delay 1s.
At the moment t=0 the first vehicle, No 0, comes across an obstacle and a second later it starts to brake, i.e. at t=1s. The deceleration is assumed -6m/s 2 . So, this vehicle covers a distance of 75m and stops at L=105m.
The next vehicle, No 1, does not see the obstacle and realize the situation upon the stoplights of the predecessor. So, it starts to brake at t=2s and reaches the same point on road, L=105m, but in a second later. The third vehicle, No 2, undertakes similar actions at t=3s.
As we can see from Fig.2 , the trajectories of all three vehicles merge at the distance 105m. This is the boundary case. If we take into account the finite dimensions of vehicles, this boundary will simply mean multiple crash. The first collision will take place at t 1 ≈7s and the secondat t 2 ≈8s, both in the same place. The similar effect will occur, if we increase the speed or the reaction delay. The situation is diametrically changed when i-radar is used. The driver in vehicle 2 obtains the warning signal from vehicle 0 at the moment it switches on the stoplights (t=1s). Then, a second later, this vehicle starts to brake. The trajectory, it draws, is shown in Fig.2 by the dotted line. It locates itself far from other trajectories. Hence, the potential collision is moved away.
We have created many models of collisions and carried out many simulations to find out the most representative set of collision parameters. The latest set is as follows: -the road -straight, single lane, friction coefficient f=0. The case of the first negative difference (starting from n=3) is considered and the vehicles of number n and n-1 are merged and shifted ahead by some distance D (see further). This negative difference is called the depth of a collision (the lacking distance to stop).
The effect of shifting the vehicles is next checked, whether they cause the second-order collisions,
If the answer is positive, the given collision is registered and no further shift is made.
Then, the next case of negative difference d f (n+1)-d r (n) is considered and so forth until the last vehicle in column. The number of statistical scenarios is chosen in accordance with the required accuracy (repeatability) of the given experiment. In any case this number does not fall below 1000, and usually is 10000.
Typical results of simulations are shown in Fig.5a and 5b. They present the distribution of collisions down their depth (placed along abscissa) and down the position of a vehicle in column (expressed by color bars). The Fig.5a refers to the case of no i-radar used and Fig.5b -to the case of i-radar used randomly in 50% of vehicles.
In both figures the depth distribution resembles the exponential low, however, the slope of curve in case of 50% i-radar penetration is more sharp and the density of collisions -twice as low as in case of no i-radar used.
The distribution down the vehicle's position in column can be characterized as follows: for the case of no i-radar used the most of heavy and moderate collisions occur at rear end of the column, Fig.5a (brown bars), while the most of light collisions occur at the front end, Fig.5c (blue bars). For 50% i-radar penetration the light collisions follow the uniform distribution, Fig.5d The simulation program calculates the mean, maximal and standard depth and the total number of collisions of the first-and second-order (primary and secondary collisions). The shift distance D is calculated due to the first-order depth and length l of the hitting vehicle, e.g. The behavior of the model under small changes of principal input factors such, as speed, separation distance and reaction delay are given in Table I . This may support or may not, the suitability of the model.
We can see, that mitigation of the input factors by 10% results in sharp decrease of all outcomes. The highest reduction is observed for the secondary collisions -over 20%, the lowest -for the primary collisions, beneath 10%. This is correct, because the number of secondary collisions is a symptom of road conditions. This number falls down very fast as the road conditions get better, see Table II (row 3) .
The last column in Table I refers to the simplified model, in which only primary collisions are considered and no shift of the collided vehicles is provided. We can see that this model reveals the higher number of primary collisions (∆=715) and prolongs their maximal depth (∆=63m).
The advanced model presents, instead, 3744 secondary collisions (first column in Table I ). They are usually not very serious, so the exchange of 3744 light collisions for 715 heavy collisions may be treated as an equivalent energy exchange. Hence, the conclusion is: both models portrait the same situation, but in more or less detail.
The smaller number of primary collisions in advanced model can be explained as follows: the collided vehicles are shifted ahead, then a distance to the next, potentially hitting vehicle, is prolonged and a collision may not come into effect. Instead, the secondary collision can appear as a result of shifting ahead the two early collided vehicles.
The detailed results of i-radar impact on the safety parameters are given in Table II . Please, note, that the percentage measure is used. It refers to the total number of events 18000 (18 vehicles, 1000 random scenarios). At the first glance we notice that the level of collisions in case of no i-radar used is extremely high, up to~90%. It resembles a pile-up, and, this is really the case. The leader of column have to stop abruptly, no safety means are used, the column consists of 20 different vehicles with different inter-spacing (30±10m), the reaction delay is high, 1±1s and the speed 108km/h. Please, note, that if 100% i-radar is used, all these collisions are avoided! It is seen from the Table II that all the safety parameters are systematically improved as the penetration of i-radar is growing. The most significant decrease is observed for the heavy collisions. In this case the difference between the state of 0% i-radar penetration and 50% is expressed by the number of 17 (24.9/1.46). This means that the fatal crashes, involving human victims, can be reduced by this number.
The confirmation of this observation is done in Fig.6 . We can see, that the heavy collisions decrease, approximately, due to exponential low, while other parameters -nearly inversely proportional to the penetration of i-radar. The number of primary collisions can be expressed by an empirical formula
where p-penetration density of i-radar [%]. The curios is the state of zero-collisions for p=100. It is, naturally, theoretical value, forced by constraints, namely by the identical brake distance. If one vehicle in column is a light car with a good brake system and the following vehicle -a big truck with an out of order brake system, then in emergency a collision may occur despite both drivers use i-radar. We took in the model the same brake distances, because in normal situation they differ not much at constant speed (H≈V 2 /2fg) and because there is already one variable -reaction time, which causes similar effects and can express small brake differences.
If only 50% of vehicles is equipped with i-radar, the heavy collisions (>100m) are practically excluded. Then, we can say that i-radar reduces the mean number of collisions approximately twofold, but heavy collisionsby much higher value. This is very promising feature.
The presented data refer to the simulation model. In the real environment some constraints may not be fully satisfied, e.g. 100% reaction on warning signals, the signaling without latency, the identical brake distances etc. This may cause, that the concrete values of experiment will differ the simulation data. The most severe is the problem of communication range. It could not be summed up in several hops as it is usually done [3] , [5] , [6] . The reason lies in losses of reliability and speed. The range depends mainly on the antennae height. Basing on the Fresnel theory we can estimate the range up to 800m for typical heights of antennae 2m and the frequency band 5.8GHz,. To prolong this range, the MIMO system (multiple inputmultiple output) and/or directional antennae should be used (see further).
Serious problem is also with the access to frequency medium and interference. In the literature there are many sophisticated access protocols [3] [5], [6] , [13] but we incline to the simplest pure ALOHA. It is bandwidth ineffective, but remains two important features -speed and reliability. The ineffectiveness can be mitigated by limiting the capacity of the message. The typical warning packet contains 100 bytes [3] , hence, it takes no more than 100µs when transmitted with 8 Mb/s.
In the sequel the technological basis for both issues -MIMO and medium access -is shortly described .
A. Multiple-antenna system
We will consider the simple system composed of two transmit and two receive antennae, MIMO2x2. The scheme is shown in Fig.7 . The message stream at the transmitting point is divided into two sub-streams. Every second bit, say even bit, is sent by the antenna 0, and the odd bits -by the antenna 1. At the receiving point they are retrieved through the combining process on the resulting four individual channels. The typical Rayleigh flat fading and AWGN are assumed. The current values of the transfer functions h 0-3 for channels 0-3 are obtained via adaptation process carried on the special pilot signals.
Having done the functions h 0-3 , the useful signals s 0 ,s 1 and the noise n 0-3 we can write the following equations for the received signals in the channels from 0 to 3 [10] . 
As the noise is AWGN, we can use the maximum likelihood (ML) criterion of reception 
Usually the channels are treated as the independent entities [10] , [11] . We introduce the controlled crosscorrelation between them via mixing the given channel function h k with some reference function h r . This way, using previous equations and correlation coefficients r 12 =r 13 =…=r 34 =r, we obtain the BER curves as shown in Fig.8 . It is worth to note that there is much gain of MIMO system in respect to the individual Rayleigh channel even at high cross-correlation coefficient, r=0.5. Hence, it will substantially improve the range of signaling. 
B. Medium access and interference
In typical scenario a group of vehicles have to send a series of warning packets to the receivers of approaching vehicles. To limit the number of mutual interference the transmitters are restricted in the mean emission rate. It is done by a random go-no-go gate. Receivers accept only non-overlapped packets. Hence, for the Poisson stream the probability of reception is [12] 
where N -number of transmitters (Tx); λ -mean emission rate; τ -time duration of a packet.
It is easy to show that an optimal probability exists,
For N=10 and τ=100us, we obtain λ opt =862
packets/sec/Tx. The mutual interference and the throughput are then the highest and P 0 ≈0.16. An illustration of the emission process is done in Fig.9 . There are 1000 slots, each of 10µs. So, the analyzed period is 1000x10µs=0.01s. The packets, each of 100µs, are emitted fully randomly. Because of overlaps the real number of non-interfered transmission is approximately 16 pckets/0.01s/10Tx. If we increase the time of packet delivery to 0.1s, the mean rate increases to 16 packets/Tx. The probability of reception is then
where P n -probability of signaling in absence of overlaps.
If P n is only 0.5, the overall probability of delivery of at least one packet in 0.1s is P=0.9999. In real environment the number of senders may be larger than 10. For threelane road with inter-vehicle spacing 30m and communication range 1000m the number of 100 senders can be expected. To hold the high probability of packets delivery we have to loose the time constraint, e.g. to take T=0.5s. Hence, the probability of delivery of at least one packet among 100 senders will obtain the value of P=0.996. This is still a satisfactory number. Some authors raise the problem of interference from the same useful packets received several times and from non-useful packets generated by the opposite stream of vehicles [3] .We think that the first issue depends on the display design. The packets may be cancelled or may not, if for example, they are used to draw the trajectory of the slow down. The important thing is to assign the packets with the data on kind of danger and its location. The last function will be carried out by Galileo or GPS system.
The packets emitted by the opposite stream of vehicles will be attenuated by the gain of directional antennae and can be cancelled completely by using the special Doppler-effect circuit, which differs the signals propagating along the drive and in opposite direction.
Flat fading will be mitigate by MIMO system, the selective fading -by proper choice of wireless standard with OFDM 1 . No other interference seems to appear in the special channel assigned for safety purposes only.
VI. CONCLUSION
An idea of integrated information-communication system (i-radar) for early warning and collision avoidance in road column traffic was presented and the numerous results of its simulation were included. Currently, these functions are carried out -to some extent -by special automotive radars, mainly ACC (adaptive cruise control). This is, however, an expensive solution not particularly suitable for the column drive control, because of the short range of front-end radar. ACC fails, if an abrupt slowdown appears and the inter-vehicle spacing in column is shorter than a brake distance, which is routine situation.
The i-radar is free of this limitation. It is highly advanced product of the emerging technologies. I-radar controls the traffic over the distance of 1000m and warns the vehicles within a bit of a second. This way it enables to keep extremely short distance between vehicles and, even though, guarantees high level of safety. The simulation shows that if only 50% of vehicles are equipped with i-radar, the number of collisions in typical scenario is reduced twofold and nearly all the heavy collisions, involved human victims, are excluded. This is unique and highly promising property of this new technology.
Theoretically the column fully-equipped with i-radar reveals no collisions even at zero inter-vehicle spacing.
The paper presents also an analysis of the radio communication subsystem, which is responsible for the efficiency and reliability of the total system. The directional antennae, MIMO2x2 combiner and the special ALOHA protocol are the new hits in this scope. The directional antennae and MIMO design guarantee the communication range, while modified ALOHA algorithm -its reliability.
The novelty of the paper consists in new concept of the system: one hope signaling, modified ALOHA protocol, MIMO technology. The new is also the model of collisions and simulation data. 
